The ratio of protein to wet weight in unpooled samples of supragingival plaques from sound and carious tooth surfaces was studied. Protein was assayed by a procedure developed for the study, in order to achieve a sensitivity of 1 ug with minimum effects upon quantitation from protein composition and nonprotein components. Ratios of protein to wet weight in plaque specimens from caries-free surfaces were almost equally distributed into two main categories of 9.4% and 6.5%. Corresponding values for specimens from carious surfaces were 9.1% and 5.0%. The occurrence of high and of low values among samples from each type of surface indicated that the plaques differed quantitatively in protein, water, or a nonprotein component, possibly extracellular polysaccharide. Although compositional differences between plaques from the two types of surfaces were indicated by the lower ratios of 6.5% from noncarious and 5.0% from carious surfaces, they were not indicated by the higher ratio values, which were similar. These results suggest either that protein-to-wet weight ratios are not related to caries, or that the ratio values are related to caries for some but not all types of plaques.
Bacterial populations in natural or artificial ecosystems frequently occur as cellular aggregates, or matts, within which the extent of bacterial crowding would be expected to influence the flow of metabolites and products. The metabolic events within the cellular mass then would be affected by the elaboration of extracellular polysaccharide (EPS) glycocalyxes which, because of hydrophilicity, will increase intercellular spaces and possibly differentially affect the rates of ion migration in pore relative to bulk water (45) . Indeed, an ion-exchanger role has been proposed for the EPS (8, 30) , which also may modify diffusion rates, localizing extracellular enzymes required for the degradation of insoluble substrates (23) . For these reasons, estimates of microbial densities in the wet mass are of particular interest in understanding the development of such cellular communities and the metabolic products formed.
Ecosystems of this type occur in supragingival plaques, and the production of EPS (e.g., glucan by Streptococcus mutans), intracellular polysaccharide (IPS), and acidic fermentation products by the indigenous flora has been associated with caries (3, 25) . On the basis of differences in EPS, the extent of microbial crowding would be expected to differ between cariogenic and noncariogenic plaques. Crowding is difficult to assess from bacterial enumeration, because of the large differences in sizes and types of microorganisms present (22, 24) , and because colony-forming unit recoveries are low from many plaques (31, 36) . However, a number of observations suggest that crowding could be estimated from the proportion of protein to wet weight. (i) Under conditions of high EPS synthesis, intercellular spacing appears to be increased, and there is a concomitant decrease in the nitrogen content per unit of wet volume (6) . ( ii) The protein in pools of supragingival plaques is primarily microbial (21) . (iii) The linearity between total nitrogen and wet weight is good for large pools of immature plaques, in which calculus formation would be low (27) .
The available information on protein-to-wet weight relationships is meager, and direct correlations with caries activity have not been made. The current study was undertaken, therefore, to examine the proportions of protein to wet weight in unpooled samples collected from caries-prone tooth surfaces.
Because the amino acid composition of the proteins present is affected by the diet (11), a sensitive method of protein determination was developed to minimize effects from protein composition and nonprotein components upon quantitation. The accuracy, relative to accepted procedures, and the precision and sensitivity of the method also are reported.
MATERIALS AND METHODS
Bacterial suspensions. Streptococcus sanguis, strain 167, was cultivated anaerobically with stirring in modified tryptone broth (14) supplemented with 0.5% glucose. Cultures in early stationary phase were harvested, and the cells were washed twice with filtered double-distilled water and resuspended either in water or a tricene-buffered salts solution (15) . Dry weights were determined by drying water suspensions to constant weight over anhydrous CaSO4 at 60°C under vacuum.
Peptidoglycans. Peptidoglycan fractions were prepared from isolated cell walls ofMicrococcus lysodeikticus ATCC 4698 and Streptococcus salivarius ATCC 13419 by the procedure of Park and Hancock (34) . They were a gift from R. E. Marquis. Proteins were determined using 100-,lI aliquots of suspensions containing 0.20 and 1.25 mg (dry weight) of the fractions per ml of water.
Sources ofdental plaques. Supragingival samples were collected from different groups of children, 5 to 12 years of age. The subjects had not had prophylaxis, topical fluoride application, or antibiotic treatment in the previous 3 months, and they did not use interdental cleaning aids. Pooled samples, used for control studies, were obtained from six children, one pool from each child. Experimental samples were obtained from two series of unrelated children, one sample from each child.
The experimental samples were not pooled between subjects or intra-oral sites, in order to examine the consistency of protein-to-wet weight relationships and to enhance recognition of differences between plaques from sound and carious surfaces. Specimens were collected from below the contact point of interproximal surfaces between one pair of contacting teeth within each subject. The pairs of teeth sampled were the deciduous molars, or a first permanent molar paired with either the second deciduous molar or the second premolar. These tooth surfaces are caries prone and have minimal calculus formations in children (1, 12, 33) . Teeth with restorations or appliances encroaching upon the embrasure or the contact area were excluded.
All carious lesions at the sampling site had clinically intact surfaces. Caries was restricted to the enamel, excepting 50% of the deciduous first molars in series 1, where lesions extended just into the amelodentinal junction. All lesions were diagnosed radiographically and by clinical exploration.
Clinical examinations were repeated after a 9-to 15-month interval in the first series. Caries experience was recorded as a simple decayed, filed surfaces index, and plaque was scored using the Silness and L6e index (40) .
Plaque samples were categorized as caries negative if collected from tooth surfaces which were caries free at both examinations (series 1) or at the sampling time only (series 2). Caries-positive plaques were sampled from tooth surfaces where one or both surfaces were carious. In series 1, when caries at the sampled site was found at the second but not the first examination, the samples were also termed caries positive (1, 33) . This last group comprised 4% of the specimens from surfaces that were caries free at the sampling time.
Plaque sample collection and treatment. Sampling was performed between 10:00 a.m. and noon. After removal of excess saliva and isolation with cotton rolls, the buccal and lingual embrasures were cleaned thoroughly by scaling, followed by sample collection from the subcontact point area (16 Protein determinations. Bovine serum albumin (Sigma, crystallized and lyophilized) was used for controls and standards. The protein determination method developed combined quantitative precipitation and concentration (2), alkaline solubilization (20) , and a heated biuret-Folin reaction (10) . It was performed as follows. Small volumes (s200 1.d) of bovine serum albumin, S. sanguis, or peptidoglycans were added to 5 ml of water or the salt solution in washed, sterile, disposable borosilicate glass tubes. For assays on plaque samples which were dispersed in large volumes, 1 to 8 ml of suspension or blank was brought to final volumes of 5 or 8 ml. Standards of similar volume were used. Assays on the more concentrated water suspensions used 50 to 200 ul of a sample or a blank added to 5 ml of water. Adsorption losses were minimized by using plastic-tipped Eppendorf pipettes or plastic disposable syringes without needles.
Protein precipitation and collection were performed according to Bensadoun and Weinstein (2), using final quantities of 125 ,ug of deoxycholate per ml and 6% trichloroacetic acid, one precipitation, centrifugation at 1,600 x g for 75 min, and careful removal of the supernatant by suction. The precipitate could be kept at 3°C overnight. Solubilization was performed by adding 1 ml of 0.5 N NaOH to the precipitate and heating at 100°C for 5 min (20) . After cooling in a bath at 10°C for 2 to 3 min, 4 ml of reagent f from Dorsey et al. (10) , modified to contain 100 mg of Na2CO3, 1.0 mg of Na-K tartrate, and 0.25mg of CuS04 *5H20, was added, and the procedure of Dorsey et al. (10) was then followed. Timing was standardized so that very dilute standards were precipitated shortly after their preparation. Centrifugation was performed immediately after addition of precipitants.
Readings were made after 2 h at 24 to 25°C. However, the developed color was found to be stable for at least 6 h. Absorbancies at 660 nm were determined against water because of instability of blanks left in the reference compartment of the double-beamed instrument used (Beckman DB, prism monochromator). To enhance sensitivity, a 4-cm path length and 0.03-mm slit width were used for all plaque samples and other specimens containing s30,g of protein.
The majority of determinations were made in duplicate.
Sources of protein contamnination were minimized because solutions or suspensions containing as little as 0.5 jug of protein per 5 or 8 ml of original volume were being concentrated. Procedures recommended for water purification and for cleaning glassware and filters were followed, and gloves were used throughout (18, 19, 26) .
Direct proportionality between quantities of S. sanguis precipitated and protein determined were found with, but not without, solubilization in NaOH prior to the heating phase of the biuret-Folin procedure. Therefore, a pre-solubilization step was used throughout. Assuming a conversion factor of 6.25 for nitrogen to protein in bovine serum albumin, the sensitivity of the determination was similar to the data of Dorsey et al. (Fig. 4 To assess the relative protein responses from this procedure with those from accepted methods, aqueous suspensions from three cultures of S. sanguis were assayed as described above, and with the conventional biuret method and the Lowry procedure, both performed according to Herbert et al. (20) .
RESULTS
Protein determination. Despite large differences in the quantities of S. sanguis assayed, the mean protein-to-dry weight ratio from the micro-modification of the heated biuret-Folin procedure was 47%, close to the 45% determined with the Lowry method, and to the 50.2% with the conventional biuret procedure (Table 1 ). Directional differences in ratio values between the individual cultures also were similar for the three methods. Neither the higher protein values found with the biuret procedure nor the magnitude of differences between protein determination methods were unusual (20, 35) . Herein, they were attributable to: (i) inevitable losses from dilution; (ii) suboptimal spectrophotometry (slit width effects for the Lowry determination, and light scattering for both the Lowry and the heated biuret-Folin procedures, which were not centrifuged before reading) (17) ; and/or (iii) positive reactions from peptidoglycan with the conventional biuret reaction (38) . Thus, the modified biuret-Folin procedure yielded quanti- respective series 1 and 2. The distributions of ratio values within these four groups of samples departed significantly (P < 0.05) from normality when tested for skewness and kurtosis (13, 41) , and were grouped in classes of ratio values on either side of the class containing the mean rather than in and around it. Because of these indications of the occurrence of more than one relationship and/or curvelinearity between the two parameters, the results were considered graphically. Figure 2 illustrates the data on samples from approximating surfaces that were caries free at the time of sample collection and remained so for the subsequent 9-to 15-month interval (series 1). The relationships shown were developed by calculating regression constants for samples having similar protein-to-wet weight ratios, then using the relative distances from these curves as a basis for inclusion or exclusion of samples with less similar ratio values, and recomputing the regression constants. There appeared to be two main relationships between the total protein and the total wet weight of the samples collected. The results from series 2 superimposed these two curves. The mean values and 95% confidence limits of the slopes for the high protein-to-wet weight curves were 0.10 ± 0.01 and 0.09 ± 0.01, respectively, from series 1 and 2. Although these values did not differ significantly between the two series, they did differ from the lower values of approximately 0.065 + 0.010 and + 0.007 within each of the studies. A small group of four specimens from series 1 had protein-to-wet weight ratios of 0.17. Three were sampled from, and accounted for 75% of, the specimens collected from permanent pairs of mandibular teeth. The results were kept separated because inclusion of that sample which had the lowest protein-to-wet weight ratio into either of the two lower groups of data points was rejected by null hypothesis tests (P < 0.001), suggesting the possibility of interactions between the site of sample collection and the proportion of protein to wet weight (see below).
Similar considerations of the data from samples overlying caries on one or both of the sampled surfaces also indicated two main relationships between the total protein and total wet weights of the samples collected (Fig. 3) . The respective mean values and 95% confidence intervals of the slopes from series 1 and 2 plaques were 0.09 + 0.04 and 0.09 ± 0.02 for high pro- portions of protein, and 0.05 ± 0.01 and 0.05 ± 0.01 for low proportions. As with the samples from sound surfaces, the similarity in data from the two series showed that a low number of protein-to-wet weight relationships could be recognized, and that these were not affected by the methodological differences in sample treatment.
Because of the similarity in results from the two series, the data were combined. The mean values of the regression constants and their 95% confidence limits clearly supported the occurrence of two main relationships within samples obtained from caries-free surfaces ( Table 2) . Two relationships also were supported for samples obtained from carious surfaces ( Table 2 ). The appropriateness of these results for the data was checked by examining the distributions of absolute protein-to-wet weight ratio values within each of the four relationships. The distributions should not and did not depart significantly (P < 0.05) from normality in the three groups that had insignificant intercept values. A skewed distribution, expected with a significant intercept value and adequate range of sample sizes, was found with samples from caries-free surfaces in the low protein-to-wet weight category. The skewness could be obviated by using the intercept value as a correction factor for the ratio values.
Associations between inclusion of plaque samples in high or low protein-to-wet weight groups and other known variables were sought. There were no indications of associations with systematic methodological errors. However, the intraoral site from which each sample was collected appeared to influence the results (Table 3 ). The majority of samples collected from the deciduous molars in the upper arch had high proportions of protein to wet weight, whereas those collected from the lower arch, or from other pairs of teeth in either arch, were randomly distributed between the high (slope = 0.09 to 0.10) and low (slope = 0.065 to 0.50) protein-towet weight categories. This skew accounted for the difference in the overall median values of protein-to-wet weight ratios among samples from carious surfaces in series 1 (0.084) and series 2 (0.053). Therefore, possible influences from the amount of plaque accumulated in the mouth and associations with caries history were examined holding arch and tooth pair constant. The protein-to-wet weight groupings appeared to be independent of plaque indices for the side of the mouth from which the sample was collected, the teeth sampled, or the embrasure areas on either side of the subcontact point sampled. They also appeared to be independent of the percentage of decayed and filled surfaces.
Comparisons between samples obtained from sound and carious surfaces. The mean values of the regression constants for high protein-to-wet weight curves were similar for samples obtained from sound and carious surfaces (Table 2) . However, the constants differed for the low protein-to-wet weight groups. Incremental increases in protein with the weight were lower from plaques overlaying carious lesions than from those overlaying caries-free surfaces. Additionally, the latter group of samples from each series had intercept values similar to the combined value in (6, 27) , and with an apparent lower density of microorganisms on the surfaces than in the depths of thick plaques (24) . Moreover, a VOL. 38, 1979 on November 6, 2017 by guest http://aem.asm.org/ Downloaded from value of 0.10 for the ratio of protein to wet weight generally applies to packed pellets of pure bacterial cultures (28) , so that the recovery of a fluid layer after centrifugation of large pools of plaques (43) indicates that some of the collections included in the pool must have had a higher content of water than the pellets from pure cultures. The fluid layer, believed to derive from the intermicrobial spaces, has been roughly estimated to comprise one-third of the plaque, but the volume recovered appears to vary with the pool studied (43) .
From the above, it is probable that the amount of extracellular water present is a major component influencing the wet weight of plaques. In that event, ratio differences should be affected by the EPS content, because the remainder of the cell has a lower and more stable water content (7, 42) . However, the doubling in cell wall thickness and the high accumulation of IPS seen in electron micrographs of cells at the base of thick plaques (39, 44) also should affect the weight. Assuming that these cellular characteristics occur throughout the thickness of the plaque sampled, and that (i) the IPS content is equivalent to 40% of the dry weight in 50% of the microorganisms (29, 39) , (ii) there is no extracellular water present, and (iii) there are no other compositional differences, a 20% decrease of the protein-to-wet weight ratios is expected. However, the magnitude of this effect is insufficient to account for the differences between the high and low slope values found herein. Moreover, it is improbable that the quantity of extracellular water is zero and that higher ratio values correlate with decreased crowding. Therefore, the data are more consistent with the view that high and low proportions of protein reflect differences in the amount of water present in the respective samples, and that the above cellular differences affect the magnitude of the 95% confidence limits on the slopes.
On these bases, samples having protein-to-wet weight proportions of 0.09 to 0.10 would be comprised of closely packed microorganisms, as in packed pellets of pure cultures. Such specimens may derive from thick plaques, which give the appearance of smaller intermicrobial spacing in the subsurface areas (22, 24) , in part attributable to decreased quantities of EPS (22) . The microflora in samples having the lower proportions of protein would be anticipated to be less crowded, possibly deriving from thinner plaques which appear to have larger intermicrobial spacing in electron micrographs (24) , with quantitative differences in EPS possible (6) . The 4% of the samples which had protein-to-wet weight ratios approximating 0.17 may have a flora characterized by high protein-to-dry weight ratios, as with Aerobacter aerogenes (20) , or a minimum of water caused by excessive crowding of the microflora within the available space.
The occurrence of two main protein-to-wet weight categories within each group of samples collected from carious or sound surfaces suggests that within each group of plaques from each type of surface there may be more than one pattern of metabolic events due to microbial crowding. In that event, it would be pertinent to make comparisons for disease-related variables within each category. Within the lower proteinto-weight groups, increases in protein with increases in weight were lower among plaques sampled from carious than from sound surfaces. The plaques overlying caries must have had lower microbial densities, higher amounts of water, and/or higher amounts of polysaccharides per unit mass than plaques from sound surfaces. The latter is consistent with the observation that syntheses of both IPS and EPS were greater with suspensions of plaques from carious than from noncarious surfaces (32) . If these quantitative differences in the proportions of protein are related to cariogenicity, then other characteristics which differentiate between cariogenic and non-cariogenic plaques must apply when the protein-to-wet weight proportions are 0.09 to O.10.
Although application of the procedures used herein to other systems may require modification to separate microbial from nonmicrobial protein (21, 37) , the protein determination method itself is suitable as a basis of standardization for components in either small or dilute specimens. It has the advantage of similar quantitation for different proteins and of flexibility. Presumably, sensitivity could be increased by using membrane filters for concentration (37) . Two other procedures have been developed recently for standardization of plaque components. The first, involving concentration, alkaline hydrolysis, and fluorometric assay of the reaction products from o-phthalaldehyde with primary amines (37) , has the advantage of great sensitivity. It was not used because the amino acid composition of the proteins assayed affects quantitation (5, 37) and the composition of proteins in dental plaques is influenced by dietary factors (11) . The second, a determination for total nitrogen, is less sensitive than the method described, and it responds to nonprotein nitrogenous constituents (9) .
It should be noted that standardization to protein content may affect interpretations which have been made by standardizing colony-forming unit recoveries of component members of the dental plaque microflora to the "total cultivable" flora. The latter is suboptimal for a num-ber of reasons. The widely diverse nature of the microorganisms that can be present precludes the recovery of all by using any one cultivation condition, and the microflora present at any one dentition site can be highly variable (22, 24) . Moreover, colony-forming unit recoveries frequently are low relative to particle or microscopic units counted (31, 36) . Interpretations based upon standardization to wet weight or to protein also can be anticipated to differ because of the occurrence of more than one relationship between the two parameters.
